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1. Introduction and scope
Permanent magnets are used in a wide range of applica-
tions from energy-conversion devices (motors, loudspeak-
ers, and electric generators and alternators), household 
appliances and cell phones to recent environmentally 
friendly technologies such as hybrid vehicles and wind 
turbines [1–4]. This increasing demand has led to im-
pressive progress in permanent magnets for most of the 
20th century through discovery of new materials and im-
provement in their energy products (BH)max [2–4]. (BH)max 
strongly depends on the saturation magnetic polarization 
(Js = 4πMs or μ0Ms, where Ms is the saturation magnetiza-
tion) and coercivity (Hc), which originates from the mag-
netic anisotropy (K1) and ferromagnetic ordering in these 
materials [5, 6]. The rare-earth-based magnets, especially 
SmCo5 (K1 = 17 MJ m−3 and Js = 10.7 kG or 1.07 T) and 
Nd2Fe14B (K1 = 5 MJ m−3 and Js = 16.1 kG) are stronger 
magnets so far, owing to their high K1 and Js at room tem-
perature [7, 8] and thus have an ever-increasing demand, 
but further improvement in their performance has been 
slowing in recent years [2–4]. L10-ordered (face-centered 
tetragonal) FePt alloys have shown superior permanent-
magnet properties with K1 = 7 MJ m−3 and Js  =  13.8  kG 
among the rare-earth-free alloys, but the high cost of Pt is 
a limiting factor.
Next-generation permanent magnets can be fabricated 
using nanoparticles with size below ~15 nm as building 
blocks to improve some of their properties by exploiting na-
noscale effects, and also to miniaturize the devices to suit the 
modern technological requirements [9–12]. A typical exam-
ple is the development of exchange-coupled nanocompos-
ites made  of  a  fine mixture  of magnetically  hard  and  soft 
nanoparticles with well-controlled compositions and inter-
faces [10, 11]. In this way, the cost of the rare-earth or L10-
ordered FePt-based magnets can be lowered, and the pros-
pects for high-anisotropy materials (K1  ≥  1  MJ  m−3) with 
moderate Js (≤ 10 kG) can also be increased for permanent-
magnet applications by combining them with materials such 
as Fe65Co35 with a high Js of ~24 kG.
There are, however, several formidable tasks ahead 
to implement nanoparticle building blocks as permanent 
magnets. First, synthesis of magnetic nanoparticles with 
precise control over the size, size distribution and phase 
purity is challenging, owing to the requirement of high-
temperature thermal annealing >500 °C under thermal-
equilibrium conditions [13–15]. Second,  the particles must 
be assembled with their easy axes aligned to obtain a large 
remanent magnetization (Mr). Note that Mr/Ms is only ~0.5 
for isotropic samples [5, 6, 16], which can be enhanced sig-
nificantly  only  by  aligning  their  easy  axes.  In  addition, 
compaction of magnetic nanoparticles is important to de-
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Abstract
Magnetic nanoparticles smaller than ~15 nm in diameter and with high magnetocrystalline anisotropies K1 ≥ 1 MJ m−3 
can be used as building blocks for next-generation permanent magnets. Advances in processing steps are discussed, 
such as self-assembly, alignment of the easy axes and appropriate nanostructuring that will enable the fabrication of 
densely packed nanoparticle assemblies with improved permanent-magnet properties. This study also proposes an 
idealized nanocomposite structure for nanoparticle-based future permanent magnets with enhanced energy products.
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velop permanent magnets with high-packing densities and 
Mr close to Ms. This paper presents an overview of recent 
research developments on magnetic nanoparticles and em-
phasizes various processing steps to improve their pros-
pects for future permanent-magnet applications using rare-
earth cobalt (R-Co) alloys, especially RCo5 (R = Y, Sm) and 
FePt as typical examples.
2. Nanoparticle synthesis, structure and self-assembly
The synthesis of permanent-magnet nanoparticles should 
provide excellent control of the size, size distribution, self-
assembly and crystalline ordering. In particular, the desired 
crystalline ordering in permanent-magnet nanoparticles, 
e.g., the hexagonal CaCu5-type in RCo5 alloys and face-cen-
tered tetragonal structure (L10-chemical ordering) in FePt, is 
important to obtain the high anisotropies in these materials 
to realize their permanent-magnet properties [17–19].
2.1. Chemical methods
Wet-chemical techniques are suitable for producing mono-
disperse and self-assembled nanoparticles of average sizes 
tunable from 3 to 15 nm, which are generally produced by 
the reduction or decomposition of metal salts in the pres-
ence of stabilizing or capping agents [9, 10, 20–23]. For ex-
ample, the reduction of platinum acetylacetonate and de-
composition of iron pentacarbonyl in the presence of oleic 
acid and oleylamine stabilizers results in monodisperse 
FePt nanoparticles [9], which can be deposited as self-as-
sembled nanoparticle arrays on suitable substrates using 
spin or dip-coating. The stabilizing molecules attached to 
the growing nanoparticles control the particle size and size 
distribution during synthesis, and also result in the forma-
tion of self-assembled structures on substrates, as shown in 
the transmission electron microscopy (TEM) image of FePt 
nanoparticles (Figure 1). The as-produced FePt nanoparti-
cles, however, have the disordered face centered cubic (fcc) 
structure, and subsequent thermal annealing >500 °C un-
der inert-gas atmosphere is required to form the L10-order-
ing [9]. In addition, wet chemical techniques have shown 
limited success in the synthesis of rare-earth alloy nanopar-
ticles with a high degree of crystalline ordering and phase 
purity [24, 25].
2.2. Physical methods: cluster deposition
The cluster-deposition method using physical vapor depo-
sition processes such as sputtering, thermal evaporation or 
laser ablation is based on the inert-gas-condensation prin-
ciple and has been successful in producing both FePt and 
rare-earth alloy nanoparticles of smaller sizes (2–15 nm) 
with uniform size distribution and a high degree of atomic 
ordering [18, 26–32]. For example, the sputtering of atoms 
from the solid surface of a desired composition (such as 
YCo5 or FePt) in a cooled inert-gas atmosphere (mixture of 
Ar and He)>10−2 torr leads to successive collisions of sput-
tered atoms with the inert gas ions, and thus results in the 
formation of nanoparticles in the gas phase prior to depo-
sition on  substrates  kept  at  room  temperature  [18,  27,  30, 
32]. This method produces monodisperse nanoparticles of 
size d ≤ 10 nm with an rms standard deviation σ/d ≈ 0.15, 
as shown in the TEM image of YCo5 nanoparticles (Figure 
2) and corresponding particle size histogram (top inset of 
Figure 2) [18].
Compared with chemical methods, the desired crys-
talline ordering in the case of rare-earth alloy [18, 27] and 
FePt  nanoparticles  [30]  can  be  obtained  directly  without 
subsequent heat treatment using high sputtering powers 
(≤ 120 W) or modifying the plasma conditions as revealed 
in the high-resolution TEM (HRTEM) image of the directly 
ordered YCo5 nanoparticles (bottom inset of Figure 2). As-
sembly of cluster-deposited nanoparticles, for example 
FePt, has been achieved by depositing them onto Si sub-
strates, which are pre-coated with multilayers of amphi-
philic phospholipid molecules [33, 34].
2.3. Surfactant-assisted ball milling
Bulk permanent-magnet alloys are traditionally obtained 
by conventional arc-melting, followed by a high-temper-
ature homogenization heat treatment, which results in 
grains of size >100 μm [13, 14]. The conventional ball-mill-
ing process,  in which bulk alloys are ground to fine pow-
ders using a grinding medium such as ceramic or stainless-
steel balls,  reduces  the grain size only  to ~30 nm [13, 14]. 
The ball milling of rare-earth alloys such as Nd–Fe–B or 
Sm–Co in a liquid medium (heptane) as well as in the pres-
ence of stabilizing agents such as oleic acid or oleylamine, 
however, can reduce the particle size to 5 nm [35–39]. Inter-
estingly, these nanoparticles deposited on substrates such 
as carbon-coated Cu grids also show self-assembly, pre-
sumably caused by the presence of the surfactants [38].
Figure 1. TEM image showing the self-assembly of FePt 
nanoparticles produced by the chemical method. (Reprinted 
with  permission  from Reference  [23],  copyright  2007 Ameri-
can Chemical Society.)
Figure 2. TEM image of cluster-deposited YCo5 nanoparticles, 
where particle-size histogram (top) and high-resolution TEM 
image of a single nanoparticle showing lattice fringes (bottom) 
are given as insets. (Reprinted with permission from Reference 
[18], copyright 2011 American Chemical Society.)
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3. Magnetic properties of nanoparticles
Size effects, especially the presence of superparamagnetism 
and  the  surface  modification  by  oxidation  or  surfactant 
molecules are critical factors affecting Hc and Js of nanopar-
ticles [3, 24, 25, 40]. RCo5 (Y, Sm) and L10-FePt alloys retain 
their ferromagnetic ordering for nanoparticle sizes down to 
~3 nm as well as  their high K1[8]. RCo5 nanoparticles are, 
however, sensitive to surface oxidation, which reduces Hc 
and Js[25]. Cluster-deposition methods performed under 
high-vacuum conditions usually prevent the surface ox-
idation of rare-earth elements. These particles can exhibit 
appreciable Hc values (2–8 kOe) at room temperature and 
a high Js (~10 kG), comparable with their bulk values, as 
shown in the magnetization (M) vs applied field (H) loops 
(Figure  3a)  [18,  27,  41].  Similarly,  SmCo5 and Nd2Fe14B 
nanoparticles of diameter ~10 nm produced by surfactant-
assisted ball milling exhibit high Hc at room temperature in 
the range ~2.0–18.6 kOe and 1.2–4.0 kOe, respectively [37, 
38].  L10-FePt nanoparticles have superior chemical stabil-
ity and show high Hc up to 20 kOe at room temperature 
for nanoparticles with sizes varying from 4 to 10 nm pro-
duced by both the cluster-deposition and wet-chemical 
techniques [9, 22, 29, 30].
Both RCo5 and FePt nanoparticles have shown high K1 
values comparable with their bulk values. It is worth not-
ing that these nanoparticles are often exchange-coupled to 
each other, which leads to a reduction in Hc through the 
magnetic reversal by the propagation of interaction-do-
main walls. However, Hc can be further improved by pro-
ducing exchange-decoupled nanoparticles, which are ex-
pected to show Stoner–Wohlfarth-type behavior with Hc 
scaling directly with their magnetic anisotropies accord-
ing to 2K1/Ms [5, 6, 16, 22, 29]. For example, cluster-depos-
ited FePt nanoparticles dispersed in a non-magnetic carbon 
matrix exhibited a high Hc = 29 kOe at room temperature, 
as shown in Figure 3b, and Hc increases further to 40 kOe 
at  4.2 K  [29,  32]. The  easy axes of  these nanoparticles  are 
generally distributed randomly, as revealed by the identi-
cal in-plane and out-of-plane hysteresis loops measured in 
the case of FePt nanoparticles (Figure 3b) and this leads to 
Mr/Ms ≈ 0.5.
4. Processing including alignment
The Stoner–Wohlfarth model predicts Mr/Ms = 0.5 for a 
random distribution of non-interacting uniaxial single-do-
main particles; a deviation from this ideal value is, how-
ever, observed in real systems, owing to interparticle inter-
actions and textured growth [5, 6, 16]. RCo5 and L10-FePt 
nanoparticles prepared by both wet-chemical and cluster-
deposition methods are typically found to have Mr/Ms ≈ 0.5 
[9, 18, 22, 29, 30], and this is one of the limiting factors af-
fecting (BH)max for nanoparticle-based permanent mag-
nets. Mr/Ms can be increased to some extent in the case of 
exchange-coupled  nanocomposites  [10].  A  significant  in-
crease in Mr/Ms is only possible by aligning the easy axes 
of nanoparticles in a particular direction (either in-plane 
or perpendicular) during growth or deposition process. A 
complete alignment of the easy axes of Stoner–Wohlfarth 
particles should ideally result in a rectangular hystere-
sis loop with Mr/Ms = 1 along the easy-axis direction and a 
hysteresis loop with Mr/Ms ≈ 0 along the hard axis, which 
saturates or joins the easy-axis loop at M corresponding to 
the anisotropy field (Ha), as shown in Figure 4a. In the case 
of interacting nanoparticles, Hc is also expected to increase 
with the easy-axis alignment.
The cluster-deposition method is capable of produc-
ing directly ordered permanent-magnet nanoparticles by 
aligning their easy axes through applications of a mag-
netic  field using  a  set  of  permanent magnets  prior  to  de-
position  on  substrates  [18,  30,  31,  41–43].  The  alignment 
process  causes  a  significant  increase  in  Hc and Mr/Ms in 
the easy-axis direction compared with those in the hard-
axis direction as shown in the case of magnetically aligned 
SmCo5 nanoparticles (Figure 4b) [41]. However, chemi-
cal methods require high-temperature annealing to obtain 
the desired crystalline ordering. Annealing of self-assem-
bled  fcc  FePt nanoparticles  in  a  very  large magnetic field 
to produce simultaneously the L10-ordering and easy-axis 
alignment was unsuccessful, presumably because the tem-
perature required for a higher ordering is above their Cu-
rie temperature [44, 45]. The surfactant-assisted chemical 
method performed at a moderate  temperature of ~350  °C 
and subsequent alignment using a magnetic field of 20 kOe 
could obtain only partially ordered and aligned L10-FePt 
nanoparticles [46]. In comparison, the ball-milling process 
showed preferential texturing in some cases, which makes 
them magnetically anisotropic  [37]. This can be  improved 
further by alignment of their easy axes using a magnetic 
field  as  clearly  seen  in  the  M–H loops of magnetically 
Figure 3. Hysteresis  loops measured  at  300 K  for  cluster-de-
posited permanent-magnetic nanoparticles: (a) in-plane hys-
teresis loops of directly ordered YCo5 (reprinted with permis-
sion from Reference [18], copyright 2011 American Chemical 
Society) and SmCo5 [27, 41]; (b) in-plane and out-of-plane hys-
teresis loops of dilute-FePt nanoparticles (5% in volume) dis-
persed in SiO2 matrix [29,  32] (reprinted with permission from 
Reference [29], copyright 2005 American Institute of Physics).
Figure 4. (a) Ideal hysteresis loops for exchange-decoupled 
systems: (i) randomly oriented nanoparticles, (ii) easy-axis and 
(iii) hard axis loops for magnetically aligned nanoparticles. (b) 
Hysteresis loops of magnetically aligned SmCo5 nanoparticles 
using a field of 5 kOe measured at 300 K in the easy axis and 
hard axis directions [41].
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aligned SmCo5 nanoparticles measured in the in-plane and 
out-of-plane directions (Figure 5) [38].
5. Magnetic properties of nanoparticle composites
When a magnetically hard material with a high Hc (curve 
i in Figure 6) and a thin soft material with a low Hc and a 
large Js (curve ii in Figure 6) are combined, magnetic mo-
ments in both layers are expected to switch coherently, and 
the resultant Hc and Js will be some average from the con-
stituent phases (curve iii in Figure 6). This concept of ex-
change coupling brought a new hope for the improvement 
of (BH)max  of permanent magnets  [47–53]. For an efficient 
exchange coupling, the characteristic dimension of the soft 
phase cannot exceed about twice the wall thickness of mag-
netic domains in the hard phase, which typically limits the 
size of the soft grains to ~10 nm, and the volume fraction of 
the soft phase must not be too high in order to lose a large 
Hc value, which limits the (BH)max of the composite [50–52].
Nanocomposite magnets have been prepared using 
wet-chemical [10, 17], cluster-deposition and ball-mill-
ing methods [47–49, 54, 55]. For example, a TEM image of 
self-assembled FePt–Fe3Pt nanocomposites prepared by 
a simple mixing of FePt and Fe2O3 nanoparticles and sub-
sequent thermal annealing is shown in Figure 7a [10, 17]. 
Their magnetic properties, such as Hc and Js, are tailored as 
a function of Fe3O4:FePt mass ratios, as illustrated in Fig-
ure 7b [10, 17]. However, as indicated in Figure 7b, a max-
imum of (BH)max of ~20.1 MGOe was observed only for a 
small fraction of soft phase (Fe3O4:FePt mass ratio of 0.1), 
compared with 14.7 MGOe of the pure L10-ordered FePt 
nanoparticles. Similarly, Sm(Co0.80Fe0.20)5:Fe65Co35 and 
Sm2(Co0.82Fe0.18)7:Fe65Co35 fabricated using the ball-milling 
process followed by high-pressure compaction and subse-
quent high-temperature thermal annealing shows a (BH)
max of 19.2 MGOe for 25 wt.% of Fe65Co35 [47, 48]. An in-
crease in (BH)max is not possible in these types of nanocom-
posites for a large inclusion of soft phase, owing to a sub-
stantial reduction in Hc caused by domain-wall pinning.
An increasing energy product with a large inclusion of 
soft phase up to ~50 vol.% was, however, possible in the case 
of exchange decoupled composite nanoparticles composed 
of L10-FePt and fcc Fe3Pt phase. For example, L10-FePt:fcc 
Fe3Pt nanocomposite particles separated by SiO2 or C matrix 
layers were produced by the cluster-deposition method, and 
the estimated (BH)max curves from both the experimental and 
micromagnetic simulations show a maximum of ~25 MGOe 
for ~50 vol.% of soft Fe3Pt phase, as shown in Figure 8 [55]. 
The high-energy product is possible in part because the com-
posite particles have large soft-phase content and are reason-
ably isolated, so that magnetic reversal by the propagation 
of domain walls is not possible [54, 55]. Although this iso-
tropic model structure neglects the inter-particle non-mag-
netic regions, the future development of permanent magnets 
may be accomplished by increasing the magnetic nanoparti-
cle volume fraction, but maintaining a decoupling between 
the particles by developing, for example, a thin non-mag-
netic shell structure as shown in Figure 9.
6. Idealized nanocomposite structure
Based on the above-mentioned observations, various 
schemes for exchange-coupled nanocomposite structures 
composed of hard and soft phases are illustrated in Figure 9. 
 
Figure 5. Room-temperature hysteresis loops of aligned 
SmCo5 nanoparticles produced by surfactant-assisted ball 
milling measured in the in-plane and out-of-plane directions. 
(Reprinted  with  permission  from  Reference  [38],  copyright 
2009 American Institute of Physics.)
Figure 6. Typical hysteresis loops: (i) a hard phase, (ii) a soft 
phase and (iii) the exchange-coupled nanocomposites made of 
the soft and hard phases.
Figure 7. (a) TEM image (reprinted with permission from Ref-
erence [17], copyright 2003 American Institute of Physics), and 
magnetic properties of FePt–Fe3Pt nanocomposites fabricated 
by wet-chemical method [10, 17].
Figure 8. Magnetic properties of exchange-decoupled FePt–
Fe3Pt nanocomposites fabricated by cluster-deposition 
method. (Reprinted with permission from Reference [55], 
copyright 2008 Elsevier.)
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For an ideal exchange-coupling, the magnetic reversal of 
the hard and soft phases must occur simultaneously in 
nanocomposites. The nanocomposite structure as illus-
trated in Figure 9a is similar to the chemically prepared 
FePt–F3Pt and compacted SmCo5:Fe65Co35 nanocompos-
ites discussed earlier [10, 47, 48, 17]. If the dimension of 
the soft phase is too large, magnetic reversal initiates in 
the soft magnetic phase, owing to its lower anisotropy. 
This process leads to the propagation of domain walls 
and results in a reduction in coercivity and remanent 
magnetization at a large fraction of soft phases. Thus, de-
veloping a nanostructure as schematically shown in Fig-
ure 9b and c, which inhibits domain expansion by pinning 
of domain walls using a non-magnetic layer around the 
nanocomposite particles, would significantly improve the 
magnetic properties by maintaining coercivity at high soft 
magnetic-phase fractions. This is also evident from the 
cluster-deposited FePt–Fe3Pt nanocomposite particles dis-
persed in SiO2 matrix [54, 55].
Fe–Pt and Sm–Co-based nanocomposites reported so 
far are isotropic magnets [10, 47, 48] and the (BH)max of 
~25 MGOe observed in these composites is less than that of 
anisotropic Nd2Fe14B-based magnets (64 MGOe). Thus, If 
the easy axis of the hard phases in the nanocomposite par-
ticles in Figure 9b and c is aligned in one direction, (BH)max 
is expected to be enhanced, owing to the improved Mr/Ms 
and Hc upon alignment. A nanocomposite structure similar 
to that in Figure 9c, in which the easy axis of the hard phase 
is aligned, has been produced recently in FePt:Fe3Pt thin 
film systems [56], and  these nanocomposites show an  im-
pressive energy product of ~54 MGOe. This type of nano-
structure must be fabricated at the nanoscale using both 
chemical and cluster-deposition methods. For example, di-
rectly ordered nanocomposites particles can be produced 
using the cluster-deposition process and subsequently be 
aligned with the easy axis of hard phase and coated with 
a thin non-magnetic layer, prior to deposition. The forma-
tion of a thin layer of non-magnetic material is possible by 
employing a sputtering or evaporation source between the 
cluster-formation and deposition chambers [57–59]. While 
the thin non-magnetic layer eliminates the inter-compos-
ite particle interactions and can enhance the amount of in-
clusion of soft phases compared with the hard phase with-
out much reduction in coercivities, the magnetic alignment 
is expected produce an ideal square loop with Mr/Ms = 1. 
However, the scale-up of the cluster-deposition method for 
large-scale production has not yet been considered. In ad-
dition, nanocomposites can be produced on a large scale 
using chemical and surfactant-assisted ball-milling pro-
cesses and compacted under high pressure, but here the 
easy-axis alignment is a problem that needs to be solved.
7. Concluding remarks
Synthesis, self-assembly and easy-axis alignment of mono-
disperse permanent-magnetic nanoparticles with a high 
degree of desired atomic ordering have been demon-
strated by chemical, cluster-deposition and surfactant-as-
sisted ball-milling methods. These studies show that hard 
magnetic nanoparticles can be combined with an appro-
priate soft phase to form exchange-coupled nanocompos-
ites to enhance the energy density in nanoparticle-based 
permanent magnets. However, the easy-axis alignment of 
the hard phase and self-assembly of these nanocompos-
ites are important processing steps that need to be devel-
oped for the enhancement of the remanent magnetization 
and achievement of high packing densities, respectively. 
In addition, an efficient exchange-decoupling between the 
nanocomposite particles proposed in the present study 
is advantageous to maintain the coercivity of the hard 
phase and also allow a large inclusion of soft phase typi-
cally ~50 vol.% or above. These considerations suggest 
that appropriate processing steps and nanostructuring of 
nanoparticle building blocks have the potential to produce 
future permanent magnets with giant energy products of 
order 100 MGOe. Several issues including nanoscale pro-
cessing, scale-up and compaction will require much addi-
tional research.
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